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In this work a simpliﬁed low-frequency resonant method for the measurement of Young’s modulus of
polysilicon cantilevers is described. We used a test chip, specially designed for characterizing thermal
and mechanical properties, and fabricated using a combined bulk/surface micromachining process. In this
regard, an opto-mechanical set up for the measurement of Young’s modulus is described. We use this set
up for the characterization of 50 lm-wide, 1.0 lm-thick and 200–325 lm-long polysilicon cantilevers,
under a mechanical excitation in the kHz frequency range.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).Introduction processing electronics. A sketch of the experimental set up and aThe fabrication of high performance and reliable micromecha-
nisms using a surface micromachining technique always requires
simpliﬁed tools for the characterization and control of the mechan-
ical parameters of the structural materials. In our facilities we have
designed and fabricated a thermo-mechanical test chip based on
bulk/surfacemicromachining. The chipwas designed formeasuring
parameters such as Young’s modulus (E), stretching or compression
stresses (±r), stress gradients (±De), thermal conductivity (j), and
thermal capacitance (C). We implemented a kHz range opto-
mechanical set up for the measurement of Young’s modulus of
the thin ﬁlmmaterials utilized in the fabrication of electro-thermal
actuators using the PolyMEMS-INAOE technology [1]. With this
technology a set of 1.0 lm-thick polysilicon cantilevers were
fabricated above a 40 lm-deep cavity for allowing a cantilever
swing after the mechanical excitation; a micrograph of the
thermo-mechanical test chip can be seen in Fig. 1.Experimental set up
In order to measure Young’s modulus, we chose the resonance
method; this is composed by a mechanical excitation, an optical
source reference impinging on the oscillating cantilever, and an
optoelectronic detector; this set up was mounted on an optical
bench. The main blocks are connected to a computer throughmicrograph of the laser illuminating the structures are shown in
the body and the insets of Fig. 2. The optical source is mechanically
attached and controlled with 4 of freedom; this is composed by a
He–Ne laser with a 4 convergent lens focused at 20 mm; the
diameter of the beam is reduced by a 1.0 mm slot. The 50 microns
beam is projected to the cantilever at 35 of incidence. The
reﬂected beam is detected by an optoelectronic sensor PT101;
which is formed by a photodiode integrated with a transconduc-
tance operational ampliﬁer attached to 3 degrees of freedom stage.
The electrical output corresponds to the light intensity reﬂected by
the vibrating cantilever, where the lower output current corre-
sponds to the resonance frequency and the higher intensity corre-
sponds to vibrations off the resonance frequency. This electrical
signal is processed by an analog card with a microcontroller
ATMeg1280 programed to handle analog signals with a proper
sample rate.
For the mechanical excitation we used a waveform generator
Tektronix AFG 3000 connected to a PZT resonator; the test chip
was ﬁxed on the resonator using an aluminum case. The overall
opto-mechanical system is controlled by a MatLab routine consid-
ering a kHz range of vibration for the characterization of the canti-
levers set. The algorithm for obtaining the resonance frequency for
each cantilever and then the E calculation is described below for
the 200 lm-long cantilever. Considering theoretical estimations,
the resonance frequency is expected to be in the 30–48 kHz range
corresponding to the 130–190 GPa range for E. Hence the resonator
was biased in order to supply a mechanical energy ramp able to
produce an oscillating frequency in this range, using a 100 Hz step
Fig. 1. Micrograph of the thermo-mechanical test chip fabricated with the
PolyMEMS-INAOE technology; see the central section corresponding to the
cantilevers set fabricated above a deep cavity.
Fig. 2. Micrograph showing the laser spot pointing off the cantilever. Above and
left, a SEM micrograph shows a cantilever zoom. The below and right inset shows a
sketch of the opto-mechanical set up.
Fig. 3. Resonance frequencies obtained for the set of cantilevers: C1 = 200,
C2 = 225, C3 = 250, C4 = 275, C5 = 300, and C6 = 325 lm-long.
Fig. 4. Linear ﬁt based on the data set shown in Fig. 3, E = 154 GPa for polysilicon
ﬁlms thermally treated at 1000 C.
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order to produce a 43–45 kHz frequency ramp with a 1.0 Hz step
and a 1.0 s integration time, obtaining a precise resonance fre-
quency of 43.9 kHz, which is in the range of the theoretical calcu-
lation. This sequence was applied step by step in the set of
cantilevers; Fig. 3 shows the resulting set of resonant frequencies
for different cantilever lengths.
Determination of Young’s modulus
Once we know the resonance frequency of such structures, E
can be calculated using Eq. (1) [2]:
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ð1Þwhere f0 is the natural resonance frequency, l is the cantilever
length, t is the thickness, k = 1.875 corresponding to the ﬁrst reso-
nance mode for the cantilever, and q is the polysilicon density with
a value of 2.328 g/cm3. This density for polycrystalline silicon ﬁlms
is reported widely, corresponding to the thermal load after deposi-
tion used in this work, which leads to a columnar structure domi-
nated by the (111) orientation. The value of this parameter also
agrees with our Coventor simulations. Eq. (1) shows that the reso-
nance frequency is proportional to l2, thus E was extracted from
the slope of the plot f0 vs. l2 (shown in Fig. 4) giving
E = 154 GPa ± 5 GPa, the resulting error comes from the standard
deviation calculated after the measurement of 45 chips. The value
of this parameter results from the experimental conditions used
for obtaining the polysilicon ﬁlms: low pressure chemical vapor
deposition at 650 C using silane gas, thermal doping with phos-
phine at 1000 C, thermal oxidation at 1000 C, and ﬁnally, thermal
treatment in nitrogen ambient at 1000 C [1]. Finally, using an opti-
cal microscope and SEM images, we obtained a compressive resid-
ual stress r = 52 MPa ± 10 MPa for the bridges set, and a residual
stress gradient De = 34 MPa ± 4 MPa for the cantilevers set. The
thermal characterization will be conducted in the future and the
results will be published elsewhere.Conclusions
A new process monitor for the characterization of the sus-
pended polysilicon ﬁlms obtained with the PolyMEMS-INAOE
technology was presented in this work. The manufacturing of a
thermo-mechanical test chip and the implementation of a low-
cost, low frequency, opto-mechanical set up were used for the
measurement of Young’s modulus for a set of 1.0 lm-thick polysil-
icon cantilevers. The work in progress is the measurement of the
thermal parameters.Acknowledgements
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